The medial temporal lobe (MTL) is the first brain area to succumb to neurofibrillary tau pathology in Alzheimer's disease (AD). Postmortem human tissue evaluation suggests that this pathology propagates in an ordered manner, with the entorhinal cortex (ERC) and then CA1 stratum radiatum and stratum lacunosum-moleculare (CA1-SRLM)-two monosynaptically connected structures-exhibiting selective damage. Here, we hypothesized that, if ERC and CA1-SRLM share an early vulnerability to AD pathology, then atrophy should occur in a proportional manner between the two structures. We tested this hypothesis in living humans, using ultra-high field 7.0 T MRI to make fine measurements of MTL microstructure. Among a pool of age-matched healthy controls and patients with amnestic mild cognitive impairment and mild AD, we found a significant correlation between ERC and CA1-SRLM size that could not be explained by global atrophy affecting the MTL. Of the various structures that contribute axons or dendrites into the CA1-SRLM neuropil, only ERC emerged as a significant predictor of CA1-SRLM size in a linear regression analysis. In contrast, other synaptically connected elements of the MTL did not exhibit size correlations. CA1-SRLM and ERC structural covariance was significant for older controls and not patients, whereas the opposite pattern emerged for a correlation between CA1-SRLM and episodic memory performance. Interestingly, CA1-SRLM and ERC were the only MTL structures to atrophy in older controls relative to a younger comparison group. Together, these findings suggest that ERC and CA1-SRLM share vulnerability to both age and AD-associated atrophy.
Introduction
In Alzheimer's disease (AD), neurofibrillary tau pathology appears first in the medial temporal lobe (MTL) (Braak et al., 2006) . Dysfunction of this critical brain region leads to amnesia and heralds a progressive decline to dementia. With a desire to intervene as early as possible in this pathological cascade, there is mounting attention to the details of ADassociated MTL degeneration.
Postmortem studies suggest a hierarchy of vulnerability to tau pathology in the MTL. Tangles appear in isolation in the perirhinal and entorhinal cortex (ERC) in what are presumed to be preclinical cases of AD (Braak et al., 2006) . The hippocampal CA1 subfield is the next area affected, in which the burden falls hardest on the apical neuropil layer or the stratum radiatum and stratum lacunosum-moleculare (CA1-SRLM; Fig. 1 ; Brady and Mufson, 1991; Braak and Braak, 1997a; Thal et al., 2000) . Degeneration of the CA1-SRLM correlates tightly with memory loss and other signs of progressive dementia (Scheff et al., 2007; Kerchner et al., 2012) .
Notably, CA1-SRLM is a synaptic target of ERC neurons ( Fig.  1 ) (Insausti and Amaral, 2012) . In mouse models of AD, tau pathology appears to propagate transynaptically from ERC neurons to their targets (de Calignon et al., 2012; Harris et al., 2012; Liu et al., 2012) , perhaps in a prion-like manner (Frost et al., 2009 ). These observations suggest one possible explanation for the hierarchical vulnerability observed in humans. A broader notion has emerged, not only in AD but also in other neurodegenerative diseases, that neural dysfunction and atrophy extend in a network-dependent manner around the brain rather than contiguously (Seeley et al., 2009) .
In living humans, MTL structure may be studied using magnetic resonance imaging (MRI), which reveals ERC and CA1 atrophy among patients with AD or amnestic mild cognitive impairment (aMCI), a clinical precursor to AD (Xu et al., 2000; Killiany et al., 2002; Adachi et al., 2003; Csernansky et al., 2005; Apostolova et al., 2006; Mueller et al., 2007 Mueller et al., , 2010 . We reported previously that the fine-layered anatomy of the hippocampus is visible using ultra-high field 7 T MRI (Kerchner, 2011) and that thinning of the CA1-SRLM differentiates patients with AD from age-matched healthy controls (Kerchner et al., 2010) and correlates with memory performance (Kerchner et al., 2012) .
High-resolution imaging offers an opportunity to test, in vivo, hypotheses derived from animal models and postmortem human tissue research. Here, we hypothesized that, if pathology (and, in turn atrophy) indeed arises earliest in the ERC and CA1-SRLM, then there should be a structural correlation between these two areas. To test this hypothesis, we studied age-matched older adults across a cognitive spectrum, including healthy controls and patients with aMCI and mild AD, using 7 T MRI. To investigate the effect of age on the relationship between ERC and CA1-SRLM structure, we also included a group of young healthy controls.
Materials and Methods
Subjects. Each subject provided written, informed consent in accordance with a protocol approved by the Stanford Institutional Review Board. Patients with aMCI and mild AD were recruited from the Stanford Center for Memory Disorders. Inclusion criteria included sufficient English language skills to participate in the neuropsychological assessment and (1) a diagnosis of probable AD (amnestic presentation) according to the National Institute on Aging-Alzheimer's Association criteria (McKhann et al., 2011) and a Clinical Dementia Rating (CDR) score of 0.5 or 1 (Morris, 1993) , or (2) a diagnosis of MCI according to the National Institute on Aging-Alzheimer's Association criteria , an objective memory impairment, and a CDR Ͻ 1. We also recruited healthy older control (OC) subjects from the community, selected to approximate the ages of the patient cohorts. Inclusion criteria included no cognitive complaint, no neuropsychological abnormality, a normal neurological examination, and CDR ϭ 0. Exclusion criteria for all participants included any contraindication to MRI, a history of stroke or other structural brain abnormality, or the presence of any neurological or medical condition other than AD that could interfere with normal cognition. The healthy younger control (YC) subjects, recruited from the community, underwent imaging but not clinical assessment. Both sexes were eligible for this study, and the characteristics of all subjects appear in Table 1 .
Clinical assessment. Each older subject underwent a clinical evaluation that included a history, physical examination, and neurological examination by a physician at the Stanford Center for Memory Disorders. With an identified study partner (usually a spouse), each older subject underwent a functional assessment that included the CDR (Morris, 1993 ), Neuropsychiatric Inventory (Cummings et al., 1994 , the Geriatric Depression Scale (Yesavage, 1988) , and the Functional Assessment Questionnaire (Pfeffer et al., 1982) . A trained psychometrician administered a standardized neuropsychological battery covering episodic memory, language, visuospatial function, working memory, and executive function, as described previously (Kerchner et al., 2012) . Episodic memory tests include the Hopkins Verbal Learning Test-Revised, the Brief Visuospatial Learning Test-Revised, and the Logical Memory subtest of the Wechsler Memory Scale, Third Edition, from which we derived composite metrics of immediate free recall memory, delayed free recall memory, and delayed recognition memory, as described previously (Kerchner et al., 2012) . The faculty of the Center, including neurologists and neuropsychologists, discussed each potential subject in a consensus conference to determine a research diagnosis. For each subject, all study metrics, including imaging, were acquired within an average window of 48 d (range of 1-106).
Image acquisition. Subjects were scanned on a 7 T GE Signa HDx whole-body MRI scanner (GE Healthcare), as described previously (Kerchner et al., 2012) , using a 32-channel radiofrequency receive head coil contained within a quadrature transmit coil (Nova Medical). The subject's head was stabilized by packing foam between the temples and the inner surface of the receive coil to minimize motion during the scan, and a plethysmograph was placed on a finger on the right hand to monitor peripheral pulse. Imaging was targeted to the MTL, with acquisition of oblique coronal images oriented perpendicularly to the longitudinal axis of the hippocampus, using a T2-weighted fast spin echo sequence: effective echo time, 49 ms; repetition time (TR), ϳ5-6 s (cardiac gated, with the R-R interval set for each subject according to their average heart rate so as to achieve a TR within this range); nominal excitation flip angle, 90°; tailored refocusing flip angle from 160°to 130°; echo train length, 8; bandwidth, 20.8 kHz; number of excitations, 1; slice thickness, 1.5 mm; slice gap, 0.5 mm; field of view, 170 ϫ 170 mm 2 ; acquisition matrix, 768 ϫ 768, yielding acquired voxels measuring 0.22 ϫ 0.22 ϫ 1.5 mm 3 . Images were interpolated on the scanner by zero filling k-space to a 1024 ϫ 1024 matrix yielding a reconstructed voxel size of 0.166 ϫ 0.166 ϫ 1.5 mm 3 . Specific absorption rate was ϳ2.5 W/kg. Typically, 16 -18 slices were obtained per subject covering most or all of the head of the hippocampus, the entire body, and some of the tail. Scan time was typically just Ͻ10 min.
Image analyses. We visualized images with the OsiriX 3.9 software package (http://www.osirix-viewer.com; Rosset et al., 2004) and with FSL-View, a component of the FSL (for FMRIB Software Library) version 4.1 software package (http://www.fmrib.ox.ac.uk/fsl/). A single scientist (G.A.K.) selected slices and delineated of regions of interest. We described previously the landmarks used for subfield identification and the methods used to derive subfield metrics (Kerchner et al., 2012) . In brief, we determined CA1-SRLM and CA1 stratum pyramidale (CA1-SP) widths using a semiautomated method and manually determined the width of the ERC and the cross-sectional areas of the entire hippocampus and the combined dentate gyus and CA3 subfields (DG/CA3; we combined these two areas because no physical boundary appears at this imaging resolution). For each subfield, we averaged raw metrics across slices to yield one value per side per subject and then averaged the two sides to yield a single subfield metric per subject. When areas and widths were compared in statistical analyses, we used the square root of the areas so that all metrics were one dimensional. Because of the large slice thickness, skip between slices, and incomplete coverage of the hippocampus, all necessary to achieve a very high in-plane resolution and signal-to-noise ratio, we constrain our analyses to one-or two-dimensional metrics rather than volumes; for example, we report average hippocampal crosssectional area rather than hippocampal volume.
Statistics. Results are indicated as mean Ϯ SD. We used SPSS version 21.0 for all statistical comparisons. The threshold for statistical significance was p Ͻ 0.05 using two-tailed tests. Overlaid onto an image of the left hippocampus from a healthy OC subject in this study is a schematic of the major pathways within the MTL. Neurons in layers II/III of the ERC project, via the perforant pathway (pp), to granule cells in the DG and to CA1 pyramidal neurons. Granule cell axons, or mossy fibers (mf), terminate onto CA3 pyramidal neurons, which supply recurrent axons back to CA3 (not labeled) and project via Schaffer collateral axons (sc) to CA1 pyramidal neurons. The CA1 axons project to the subiculum (not labeled) and back to deep layers of the ERC. Dashed lines delineate the strata of CA1, including the SP and SRLM.
Results
OC subjects and patients with aMCI and AD did not differ significantly by age, gender, or education (Table 1) .
We found a CA1-SRLM/ERC width ratio of 0.25 Ϯ 0.03 across our subjects. Neither age nor diagnosis affected this ratio ( Fig. 2A; Table 2 ), although the size of each area decreased as a function of age and cognitive impairment (Fig. 2 B, C ; Table 2 ). The ratio did not vary by gender ( p ϭ 0.75 by t test). Ratios between other synaptically connected subfields, including CA1-SP to ERC, DG/CA3 to ERC, and DG/CA3 to CA1-SRLM, were higher in OCs than YCs, likely reflecting age-associated atrophy that affected ERC and CA1-SRLM but not DG/CA3 or CA1-SP (Table 2 ). These ratios appeared constant across the spectrum of cognitive decline among the older participants (Table 2) .
Perhaps the stability of the CA1-SRLM-to-ERC width ratio is a nonspecific result of global, proportionate atrophy of the MTL. To test this possibility, we examined partial correlations between MTL subfield metrics among older adult subjects, controlling for hippocampal area, a proxy for hippocampal volume (see Materials and Methods) and a marker of the overall burden of atrophy. As illustrated in Table 3 , significant correlations emerged between ERC and CA1-SRLM widths (Fig. 3) and between ERC and CA1-SP but not between other areas. Adding age as a covariate did not alter these partial correlations. The significant partial correlation between CA1-SRLM and ERC widths may have been driven by the OC group (Fig. 4) : when each diagnostic group was analyzed alone, a significant partial correlation between these metrics emerged for OCs (r ϭ 0.62, p Ͻ 0.01) but not patients with aMCI (r ϭ 0.30, p ϭ 0.29; with the outlier described in Fig.  3 removed, r ϭ 0.47, p ϭ 0.11) or AD (r ϭ 0.02, p ϭ 0.96). Unadjusted Pearson's correlations between CA1-SRLM and ERC widths were significant for OCs (r ϭ 0.64, p Ͻ 0.01), patients with mild AD (r ϭ 0.61, p Ͻ 0.05), and marginally for patients with aMCI (r ϭ 0.46, p ϭ 0.088; with the outlier described in Fig. 3 removed, r ϭ 0.58, p Ͻ 0.05). Among YCs, CA1-SRLM and ERC widths did not correlate significantly, whether corrected for hippocampal area (r ϭ Ϫ0.39, p ϭ 0.35) or not (r ϭ Ϫ0.39, p ϭ 0.30).
Notably, DG/CA3, which connects both with the ERC and CA1 (Fig. 1) , did not exhibit significant hippocampal areaadjusted partial correlations with any other subfield metric (Table 3). Using Steiger's Z test to compare correlation coefficients (Meng et al., 1992) , the relationship between ERC and CA1-SRLM illustrated in Figure 3 and Table 3 was significantly stronger than between ERC and DG/CA3 ( p Ͻ 0.01); the same was true for the correlation between ERC and CA1-SP ( p Ͻ 0.05).
We next performed a linear regression analysis as a more robust method of testing the strength of the relationship between CA1-SRLM and ERC. As illustrated in Figure 1 , CA3 and ERC provide the important axonal projections to this neuropil layer, and dendrites therein belong mainly to CA1 pyramidal neurons, whose cell bodies lie in CA1-SP; thus DG/CA3, ERC, and CA1-SP could each influence the size of CA1-SRLM. We designed a hierarchical linear regression model with this anatomy in mind: with CA1-SRLM as the dependent variable, we combined older adult data across diagnostic groups and entered hippocampal area and diagnosis into the model first as nuisance variables and then entered ERC width, CA1-SP width, and DG/CA3 area. As illustrated in Table 4 , we found that, although CA1-SRLM does change with hippocampal area, the addition of the other MTL anatomical metrics accounted for 14% more of the variance. Of those metrics, only ERC width was a significant predictor of CA1-SRLM width. To investigate whether CA1-SP width is influenced by its afferents, we performed a similar hierarchical regression analysis and found no significant association with DG/ CA3 area or ERC width (R 2 change for Step 2 was 0.05, p ϭ 0.19). Finally, we examined correlations between hippocampal subfield metrics and memory performance. We reported previously that, among patients with mild AD, hippocampal subfield metrics correlated with delayed memory composite scores (Kerchner et al., 2012) . With a slightly larger sample size, we reproduced this finding here ( Fig. 4 ; Table 5 ). In addition, among patients with aMCI, CA1-SRLM width correlated significantly with delayed free recall performance. It might be expected that, because of the shared variance between CA1-SRLM and ERC widths, ERC width should also correlate with the same performance metric; although this correlation did not reach statistical significance, a trend emerged (Table 5) . Removal of the aMCI outlier ( Fig. 3 and see above) did not affect this pattern of significant correlations. Ratio pairs were chosen on the basis of anatomical connections (Fig. 1) .
Figure 2.
Effects of age and cognitive impairment on CA1-SRLM and ERC widths. The CA1-SRLM-to-ERC width ratio (A) did not differ across groups ( p ϭ 0.97 by one-way ANOVA). Box plots indicate the median (central line), 25th and 75th percentiles (lower and upper limits of boxes), 10th and 90th percentiles (lower and upper error bars), and outliers (dots). Both CA1-SRLM width (B) and ERC width (C) decreased with age and with a diagnosis of AD. One-way ANOVAs were significant (CA1-SRLM, F (3,49) ϭ 4.67, p Ͻ 0.01; ERC, F (3,49) ϭ 9.22, p Ͻ 0.001), and a priori contrasts of YC and AD groups to OCs yielded significant results (*p Ͻ 0.05, **p Ͻ 0.01); a priori contrasts between aMCI and OCs were not significant. Error bars represent SDs. YC, n ϭ 9; OC, n ϭ 18; aMCI, n ϭ 15; AD, n ϭ 11. 
Figure 3.
Correlation between CA1-SRLM width and ERC width. Residuals from a partial correlation between CA1-SRLM width and ERC width, controlling for hippocampal crosssectional area, are plotted with a regression line and 95% confidence interval for the older adults in this study (OC, n ϭ 18; aMCI, n ϭ 15; AD, n ϭ 11). Both axes represent residual values after a regression with hippocampal area. Incidental note is made of an outlier, a patient with aMCI with the lowest CA1-SRLM width residual and the only older subject whose CA1-SRLMto-ERC width ratio was Ͼ3 median absolute deviations from the group median (the lowest point on Fig. 2A ). Excluding this individual did not affect the statistics of this partial correlation or the linear regression analysis (Table 4 ). Contrasting structural and behavioral correlations across a cognitive spectrum. For the CA1-SRLM width to ERC width correlations, partial Pearson's correlation coefficients are illustrated after adjusting each metric for hippocampal cross-sectional area (as in Fig. 3 and Table 3 ). For the CA1-SRLM width to delayed recall composite score correlation, unadjusted Pearson's coefficients are illustrated (see Table 5 ). Significant coefficients are labeled (*p Ͻ 0.05, **p Ͻ 0.01). OC, n ϭ 18; aMCI, n ϭ 15; AD, n ϭ 11.
Among OCs, there was no correlation between any subfield metric and any memory composite score (Table 5 ).
Discussion
We found that ERC and CA1-SRLM exhibit structural covariance among older individuals. Consistent with the notion that these two synaptically connected areas of the MTL share an early vulnerability to degeneration in AD, we found a significant correlation between their thicknesses among age-matched older adults across a cognitive spectrum. Among pooled older participants and for OCs alone, this correlation persisted after accounting for global hippocampal size. Although we are not the first to suggest that AD pathology selectively affects this ERC-CA1-SRLM pathway (Braak and Braak, 1997a; Thal et al., 2000; Lace et al., 2009 ), we provide a new, in vivo perspective on this hypothesis. The relationship between CA1 and ERC was unique, and we did not observe structural covariance between other MTL structures (Table 3) . The DG is a major target of ERC neurons (Fig. 1) , and yet DG/CA3 size did not correlate with ERC thickness. This is consistent with observations from postmortem tissue, in which tau pathology selectively affects the apical dendrites of CA1 neurons earlier or more robustly than the DG (Brady and Mufson, 1991; Braak and Braak, 1997a; Thal et al., 2000) . , 2007, 2010) , although one group described disproportionate involvement of the DG (Yassa et al., 2010) .
Conversely, the absence of an observed relationship between DG/CA3 and other MTL structures may reflect limitations of our technique: by collapsing the DG and CA3 into a single measurable subfield (because no border is discernible even at this high resolution), we may miss focal structural changes isolated to one or the other structure. In addition, the hypointense band separating CA1-SP from DG/CA3 on our images (Fig. 1) may contain a portion of the outer molecular layer of the DG, a neuropil area that contains the apical neurites of DG granule cells and perforant pathway axons and is susceptible to tau pathology in the course of AD (Brady and Mufson, 1991; Senut et al., 1991; Su et al., 1997; Thal et al., 2000; Lace et al., 2009) . Finally, DG/CA3 area represents a significant portion of the cross-sectional area of the hippocampus as a whole, and we may hide its contribution by controlling for hippocampal atrophy; nevertheless, it is important to recognize that the relationship between CA1-SRLM and ERC survived this same correction. We note that DG/CA3, which supplies a major projection to CA1-SRLM (Fig. 1) , also did not correlate with CA1-SRLM thickness (Table 3) . ERC width and hippocampal size together accounted for no more than 55% of the variance in CA1-SRLM width in our regression model ( Table  4 ), suggesting that a significant portion of the variance may rely on other unmeasured structural or nonstructural factors.
CA1-SP and ERC shared a significant partial correlation (Table 3), but this relationship did not survive a regression analysis. This finding may reflect disproportionate vulnerability of the apical neuropil, rather than the CA1 pyramidal neuron cell bodies themselves, to AD pathology, a hypothesis supported by the postmortem neuropathology literature (Braak and Braak, 1997a; Thal et al., 2000; Scheff et al., 2007; Lace et al., 2009) . Indeed, the clinical manifestations of AD probably reflect loss of synapses more than loss of the neurons themselves (Selkoe, 2002; Scheff et al., 2007) .
Although the CA1-SRLM-to-ERC width ratio was stable on average across YCs and OCs and across a cognitive spectrum (Fig.  2) , actual correlations between the two structures were not uniform between groups (see Results and Fig. 4) . Indeed, there was no correlation among YCs, and the atrophy-corrected correlation among the older participants appeared to have been driven by OCs. Although statistical power may be the reason that a significant correlation was observed for this one group and not others (at n ϭ 18, OCs represented the largest group in our study), we speculate that structural covariance may be most evident between these two structures at an early, preclinical stage of pathology. Among our OCs, we have no way of determining the possible extent of asymptomatic neurofibrillary pathology, but incidental Braak stage 1-2 pathology is common in this age group (Braak and Braak, 1997b) . It is in Braak stage 2 that neurofibrillary tau pathology first appears in the CA1-SRLM (ERC and perirhinal cortex are uniquely affected in stage 1), and by the time individuals reach stage 3 and beyond, tau pathology pervades the entire MTL (Braak and Braak, 1997a; Braak et al., 2006) . This may explain why our partial correlations-which adjust for overall hippocampal atrophy-lost significance among patients with objective clinical findings (Fig. 4) , who were more likely than OCs to harbor more pervasive pathology and generalized atrophy. Importantly, unadjusted Pearson's correlations between CA1-SRLM and ERC widths held up across the diagnostic spectrum. Although speculative, the lack of a correlation in young controls may imply that structural covariance occurs only after the introduction of tau pathology. What accounts for structural covariance between the CA1-SRLM and ERC? In the course of neurodegeneration, correlations in size presumably reflect proportional loss of tissue mass. The CA1-SRLM is composed mainly of dendrites, axons, and their interconnections, as well as sparse interneurons and support cells. The ERC contains these structures plus a large number of neuronal cell bodies. Our technique provides no information regarding which particular structures contribute to AD-associated atrophy in these areas. Moreover, we cannot visualize any molecular pathology and can only speculate that tau aggregates are probably present in our patients. The factors that may explain structural covariance among healthy controls are unknown. The most simplistic explanation is that a greater number of projecting neurons in one structure (ERC) may correlate with a greater mass of axons and postsynaptic elements in the target structure (CA1-SRLM); however, the relationship may be more complex, with shared trophic factors or other influences. A reduction in the average dimensions of the ERC and CA1-SRLM in OCs versus YCs (Fig. 2) may reflect a nonspecific consequence of age or the presence of preclinical AD pathology.
MTL atrophy has important implications for episodic memory. Delayed free recall, a neuropsychological construct intended to isolate this core function of the hippocampus, correlates significantly with ERC, CA1-SRLM, and CA1-SP widths among patients with mild AD (Kerchner et al., 2012 ; also see Table 5 ). Among patients with aMCI, only CA1-SRLM bore a significant relationship with delayed recall, and OCs exhibited no significant MTL structural-behavioral correlate (Table 5 ). It may be the case that CA1-SRLM integrity is an early bottleneck to successful recall of recently learned stimuli as neurofibrillary pathology advances, and its atrophy may herald the onset of clinical symptoms. Of possible interest, the relationship between CA1-SRLM and delayed memory performance emerged at the same point in the diagnostic spectrum in which atrophyadjusted CA1-SRLM-to-ERC structural covariance lost significance (Fig. 4) .
A limitation of our cross-sectional study is that it was not designed to determine the ordered succession of atrophy in the MTL. It would be of interest to pursue longitudinal imaging to test whether ERC thinning precedes that of the CA1-SRLM, as predicted from the postmortem pathology literature (Brady and Mufson, 1991; Braak and Braak, 1997a; Thal et al., 2000; Braak et al., 2006; Lace et al., 2009) .
In summary, ERC and CA1-SRLM thinned from YCs to OCs and along an AD diagnostic spectrum, maintained a fixed ratio across all groups on average, and exhibited structural covariance in older subjects, particularly OCs. The same two structures are among the first in the MTL to demonstrate AD-related neurofibrillary tau pathology in postmortem specimens, and our in vivo imaging data support this notion of shared vulnerability.
